Abstract -We determined the direct effects of atmospheric CO, concentration ([CO,]) on leaf gas exchange, phenolic and carbohydrate allocation in live oak seedlings (Quercus virginiana Mill.) grown at present (370 &mu;mol·mol -1 ) or elevated (520 &mu;mol·mol -1 ) [CO,] 
Introduction
In response to elevated atmospheric carbon dioxide (CO 2 ) concentration ([CO 2 ]), tree species often exhibit increases in carbon (C) assimilation rates [36, 39] , instantaneous water use efficiency [25, 40] and growth [5, 53] . Elevated [CO 2 ] may also reduce dark respiration [56] . Total non-structural carbohydrates ( but it also appears that this is a species-specific response [29, 50] . The magnitude of these responses may be affected by nutrient levels [15, 17] .
In most temperate and boreal sites plants are often limited by suboptimal soil nitrogen (N) availability [26] . Under conditions of optimum [CO 2 ] combined with nutrient resource limitation, which restrict growth to a greater extent than photosynthesis, plants tend to show an increase in C/N ratios and an excess of non-structural carbohydrates [6] . This excess may then be available for incorporation into C-based secondary compounds such as phenolics [30] . The C-nutrient balance hypothesis predicts that the availability of excess C at a certain nutrient level leads to the increased production of C-based secondary metabolites and their precursors [46] . CO 
-enriched atmospheres often induce reduction in
the N concentration of plant tissues, which has been attributed to physiological changes in plant N use efficiency [5, 37, 38] . On the other hand, there is increasing evidence that the reduction in tissue N concentrations of high CO 2 -grown plants is probably a size-dependent phenomenon resulting from accelerated plant growth [11] . It has also been documented that reductions in plant tissue N concentrations may substantially alter plant-herbivore interactions [32] . In fact, insect herbivores consume greater amounts of high CO 2 -grown foliage apparently to compensate for their reduced N concentration [16] . This [45] . The higher values of net assimilation rate at higher N supply are consistent with those reported in other studies [34, 43] . The effect of elevated [CO 2 ] on the photosynthetic rate persisted during the whole study period, despite reductions in N concentration [52] . The relatively low starch content of leaves in all treatments might suggest that there was no limitation to photosynthesis at elevated [CO 2 ] imposed by excessive carbohydrate loading.
The absence of downward photosynthetic acclimation is similar to the findings of other studies on woody species [2] . No downward trend of photosynthesis was shown through length of exposure, portion of growing season and age of foliage [10, 19] . Declines in response to elevated [ CO 2 ] have been reported to occur in older foliage [18, 21] , late in the growing season [44] and after weeks of exposure to elevated [CO 2 ] [12, 48, 54] . Our findings contrast with responses in many experiments with potted plants [14, 47] [49] found that seedlings of Abies fraseri growing in 1 000 cm 3 pots showed no depression in net photosynthesis after 12 months of exposure to elevated [CO 2 ] while in 172 cm 3 pots photosynthetic acclimation was evident after 5 months. Q. virginiana seedlings grew in 600 cm 3 pots for about 6 months. However, the large tap-root, characteristic of seedlings of this species, showed a positive response to elevated [CO 2 ] and this might constitute an adequate sink for additional C. CO 2 stimulated growth of all plant compartments of Q. virginiana seedlings (the accumulation of total biomass increased 30-40 % by the end of the experiment) [52] .
Greater C assimilation in response to CO 2 often stimulates new sinks for C [23] . The [45] . [1, 7] . Lower leaf N, and presumably protein, was observed in Q. virginiana seedlings [52] [57] .
Q. virginiana seedlings were using photosynthates mainly for growth [52] and thus non-structural carbohydrates (sugars and starch) did not accumulate in any plant compartment. Soluble sugars and starch concentrations in stem and roots have already been found not to increase in other experiments [4, 28] . In contrast with our findings, starch and total non-structural carbohydrate accumulation in foliage (and other compartments) of plants grown at elevated [CO 2 ] is a much more common phenomenon [2, 42, 43] , although it has been reported to be a strong species-specific response [29, 50] . We sampled the plant material in the afternoon and Wullschleger et al. [56] [28, 31, 41] . In our experiment the CO 2 effect on increasing phenolic concentration took place without a parallel increase in total non-structural carbohydrates at elevated [CO,] that otherwise would have presumably diluted phenolics. An increase in the C/N ratios, which also occurred in our plant material [52] , due to a decrease in N content in seedlings grown under elevated [ CO 2 ] , is in accordance with increases in C-based compounds [32] . The increased foliar phenolic concentration in conjunction with increased C/N ratios may alter the performance of herbivores of Q. virginiana in the regeneration phase, in view of projected increases in atmospheric [ CO 2 ] . Foliar phenolics decreased following leaf maturation [28] . Nutrient treatment did not affect phenolic concentration. This is in contrast with the C-nutrient balance hypothesis [6] , which predicts that plants adjust physiologically to low nutrient availability by reducing growth rate and showing a high concentration of secondary metabolites.
Nevertheless, several different responses to CO 2 enrichment reported in the literature and nutrient availability effects on C-based secondary compounds are in apparent contradiction with the C-nutrient balance hypothesis [28] . It is possible that when growth is suppressed under insufficient N supply conditions for new tissue formation, recycling of the enzymatic N required for secondary metabolism may occur, making increased phenolic accumulation possible [28] . The lack of response found in the present study can be attributed to the low N treatment not being sufficiently growth limiting [52] .
Results from this study suggest that the establishment and growth of Q. virginiana on sites with poor nutrition will benefit substantially from elevated [CO 2 ] as a result of more C gain. The 
